Somatic mutations in exons encoding the tyrosine kinase domain of the epidermal growth factor receptor (EGFR) gene are found in human lung adenocarcinomas and are associated with sensitivity to the tyrosine kinase inhibitors gefitinib and erlotinib. Nearly 90% of the EGFR mutations are either short, in-frame deletions in exon 19 or point mutations that result in substitution of arginine for leucine at amino acid 858 (L858R). To study further the role of these mutations in the initiation and maintenance of lung cancer, we have developed transgenic mice that express an exon 19 deletion mutant (EGFR ⌬L747-S752 ) or the L858R mutant (EGFR L858R ) in type II pneumocytes under the control of doxycycline. Expression of either EGFR mutant leads to the development of lung adenocarcinomas. Two weeks after induction with doxycycline, mice that express the EGFR L858R allele show diffuse lung cancer highly reminiscent of human bronchioloalveolar carcinoma and later develop interspersed multifocal adenocarcinomas. In contrast, mice expressing EGFR ⌬L747-S752 develop multifocal tumors embedded in normal lung parenchyma with a longer latency. With mice carrying either EGFR allele, withdrawal of doxycycline (to reduce expression of the transgene) or treatment with erlotinib (to inhibit kinase activity) causes rapid tumor regression, as assessed by magnetic resonance imaging and histopathology, demonstrating that mutant EGFR is required for tumor maintenance. These models may be useful for developing improved therapies for patients with lung cancers bearing EGFR mutations.
The epidermal growth factor receptor (EGFR) is a membrane-bound receptor tyrosine kinase that belongs to a subfamily of four closely related receptors: HER1/EGFR/ ERBB1, HER2/NEU/ERBB2, HER3/ERBB3, and HER4/ ERBB4. Upon ligand binding, these receptors form homoor heterodimers leading to autophosphorylation of key tyrosine residues in the cytosolic domains of the proteins. The phosphorylated tyrosine residues become docking sites for signaling molecules, thereby activating cellular signaling pathways that regulate cell proliferation and survival.
EGFR is either mutated or shows altered expression in a variety of human cancers. Deletions of exons 2-7 of EGFR, which encode part of the extracellular domain of the protein, have been observed in gliomas (Ekstrand et al. 1992) , and mutations in exons encoding the tyrosine kinase domains of EGFR are found in 10% of lung adenocarcinomas (Lynch et al. 2004; Paez et al. 2004; . High levels of EGFR have been described in many human tumors including gliomas and carcinomas of the head and neck, lung, breast, ovary, and bladder. Moreover, gliomas and lung cancers frequently exhibit increased copies of EGFR (Wong et al. 1987; Hirsch et al. 2003) .
Nearly 90% of the lung adenocarcinoma-associated somatic mutations in the kinase-encoding portion of the EGFR gene fall into one of two classes: in-frame dele-tions in exon 19 that eliminate the conserved LREA motif and a T-to-G base substitution in exon 21 that substitutes arginine for leucine at position 858 (L858R). Patients whose tumors contain either of these two classes of mutations have similar clinical characteristics; they frequently are female, Asian, and never-smokers, and their adenocarcinomas often show bronchioloalveolar features. Furthermore, these and other less common mutations in exons encoding the kinase domain of EGFR are associated with sensitivity to the tyrosine kinase inhibitors (TKIs) gefitinib and erlotinib. Mutations have been detected in ∼85% of patients who have had clinical or radiographic responses to these agents, but in only 5% of patients refractory to treatment (Huang et al. 2004; Lynch et al. 2004; Paez et al. 2004; Mitsudomi et al. 2005; Pao et al. 2005a; Tokumo et al. 2005) .
It is still unclear whether a response to TKI treatment translates into increased survival for these patients. Patients with lung tumors bearing EGFR mutations and treated with TKIs show an improved overall survival when compared with patients with tumors without detectable EGFR mutations (Cappuzzo et al. 2005; Chou et al. 2005; Han et al. 2005; Mitsudomi et al. 2005; Tokumo et al. 2005 ), but EGFR-mutant lung cancer may be a less aggressive disease, on average, than lung cancer with wild-type EGFR. In support of this, adding erlotinib to chemotherapy does not appear to improve overall survival in patients with EGFR-mutant lung tumors (Eberhard et al. 2005) .
In most patients with tumors bearing EGFR mutations who initially respond to erlotinib and gefitinib with symptomatic improvement and reduction in tumor size, the cancer resumes detectable growth within 6 mo to 2 yr. In ∼50% of these resistant tumors, the mutant EGFR allele has acquired a secondary mutation in exon 20, which leads to substitution of methionine for threonine at position 790 (T790M) in the kinase domain (Kobayashi et al. 2005; Pao et al. 2005b) . The secondary change is predicted to block binding of drug to the ATP-binding pocket, strengthening the hypothesis that EGFR is the main target of gefitinib and erlotinib when these drugs induce tumor regression (Kobayashi et al. 2005; Kwak et al. 2005; Pao et al. 2005b) .
The rapid response to TKIs observed in non-small-cell lung cancer (NSCLC) patients with tumors bearing EGFR mutations suggests that the viability of the cancer cells depends on the continued activity of mutant EGFR. These observations are supported by experiments in vitro; TKIs and mutant allele-specific siRNAs induce apoptosis in human lung adenocarcinoma cell lines carrying mutant EGFR Tracy et al. 2004) .
The oncogene dependence of tumors has been studied most extensively in the mouse using tetracycline-regulated transgenic oncogenes in mouse models of cancer (Felsher 2004; Varmus et al. 2005) . Tumors induced by such regulated oncogenes generally regress rapidly-by apoptosis or differentiation-when expression of the oncogene is reduced. For example, we have previously described a tetracycline-inducible model of lung adenocarcinoma in which lung tumors that arise as a result of oncogenic Kras are dependent on sustained expression of the mutant transgene for tumor maintenance (Fisher et al. 2001) .
To understand further the role of mutant EGFRs in initiation, progression, and maintenance of lung adenocarcinomas in vivo, we have generated tetracycline-inducible transgenic mice that express either an exon 19 deletion or the L858R mutant in lung epithelial cells. We regulated the expression of these EGFR mutants by the administration and withdrawal of doxycycline and tested the ability of erlotinib to treat lung tumors that developed in these mice.
Results

Generation of mice carrying inducible lung-specific mutant EGFR transgenes
To generate mice in which expression of mutant EGFR can be regulated in type II alveolar epithelial cells, we used a tetracycline-inducible system known to regulate expression of oncogenic Kras in such cells under the control of the reverse tetracycline transactivator (rtTA), which itself is driven by the Clara cell secretory protein (CCSP) promoter (Tichelaar et al. 2000; Fisher et al. 2001) . EGFR transgenic constructs were generated by cloning human cDNAs encoding either EGFR L858R or EGFR ⌬L747-S752 ) downstream of a tetracycline-responsive element (TetO), followed at the 3Ј end by an intron and polyadenylation sequence derived from the mouse protamine-1 gene to ensure stability of the mRNA (Fig. 1A) .
Eighteen TetO-EGFR L858R (L858R) and 11 TetO-EGFR ⌬L747-S752 (DEL) founders were identified among the 83 and 43 pups obtained, respectively, from the injection of each transgene. We bred the founders to CCSPrtTA (C) mice and placed bitransgenic offspring from 13 L858R and eight DEL founders on a diet containing doxycycline within 1 wk of weaning. After 2-16 wk, progeny were assayed for transgene expression using RT-PCR. We identified animals that expressed the transgene in the lung and further characterized two L858R lines (L858R56 and L858R57) and two DEL lines (DEL9 and DEL11).
Analysis of transgene expression
To test whether the transgene was expressed specifically in the lung, we performed RT-PCR on multiple tissues from C/DEL and C/L858R bitransgenic mice that received doxycycline. Expression of the EGFR transgenes was restricted to the lung in C/DEL11, C/L858R56, and C/L858R57 mice ( Fig. 1B ; data not shown). However, in C/DEL9 mice, transgenic EGFR RNA expression was also detected in the brain (data not shown).
Next, to determine whether expression of the transgenes could be regulated by doxycycline, we performed quantitative RT-PCR on RNA samples derived from lungs of C/L858R56, C/L858R57, and C/DEL11 mice. Transgene expression was induced 10 3 -to 10 4 -fold in lungs of C/L858R57 and C/DEL11 mice upon administration of doxycycline (Fig. 1C) . We also observed deinduction of transgene expression upon doxycycline withdrawal, as described further below. Similar results were obtained with C/L858R56 mice ( Supplementary Fig. 1 ). The levels of endogenous mouse Egfr RNA did not appear to change significantly when doxycycline was added or withdrawn (data not shown).
To measure induction of EGFR proteins encoded by the transgenes, we performed Western blots on extracts of lungs from bitransgenic mice maintained on a normal diet and from mice fed with doxycycline-impregnated chow for varying amounts of time (Fig. 1D,E) . After 4 wk on doxycycline, the amount of total EGFR was dramatically increased in lungs from C/DEL11 animals (Fig. 1D ).
In addition, using an antibody specific to the L858R mutant (see Materials and Methods; Supplementary Fig. 2 ), we readily detected EGFR encoded by the transgene in the lungs of C/L858R56 mice that had received doxycycline for more than a week, and not in lungs of uninduced mice (Fig. 1E) . After a 4-d induction, very low levels of EGFR were detected compared with the amounts observed at 8 d (Fig. 1E) , suggesting that cells expressing high levels of the EGFR transgene may have a growth advantage even this early in the tumorigenic process. Similar results were obtained for C/L858R57 mice (data not shown). Overall, these results indicate that we have identified transgenic lines in which we can achieve lungspecific expression of the mutant EGFR transgenes after doxycycline induction. (F) Western analysis of lung protein extracts from mice maintained on doxycycline for 13-32 d using the total EGFR antibody and an antibody that recognizes human EGFR with a higher affinity than mouse EGFR (EGFR-LA22, third panel). (G) Western analysis of lung protein extracts from bitransgenic mice maintained on doxycycline for 4 d using the total EGFR antibody. Anti-actin blots are shown as loading controls.
In a preliminary effort to compare the amount of transgenic EGFR to endogenous mouse Egfr, we performed Western blots on lung extracts from bitransgenic C/L858R and C/DEL mice using an antibody that recognizes both human and mouse EGFR (Fig. 1F,G) . After a 2-to 3-wk induction with doxycycline, the amount of total EGFR in C/L858R and C/DEL bitransgenic mice was significantly higher than in control mice (Fig. 1F) . When incubated with an antibody that specifically recognizes human EGFR, a parallel blot showed transgenic EGFR in samples from the C/L858R and C/DEL bitransgenic mice and, as expected, did not reveal endogenous Egfr (Fig. 1F) . Since the lungs of the bitransgenic animals used for these experiments showed significant proliferation (as described below), we reasoned that the high levels of EGFR in these samples are likely to reflect a high proportion of transgene-expressing tumor cells in the samples. To diminish this problem, we examined lung extracts after a short induction with doxycycline (4 d), prior to the appearance of any detectable lung pathology; under these conditions, extracts from lungs of C/L858R56 and C/DEL11 bitransgenic mice contained a three-to fourfold increase in total EGFR compared with extracts from control animals expressing only endogenous Egfr (Fig. 1G) . However, when we stained lung tissue from C/L858R mice with a pro-surfactant C antibody (SP-C) that allows the identification of type II pneumocytes, we observed a 1.7-fold increase in the number of type II pneumocytes in samples from doxycycline-induced C/L858R bitransgenic mice versus control samples (data not shown). These findings indicate that even by 4 d of doxycycline induction, the number of type II pneumocytes had nearly doubled, which may account in part for the increase in the levels of EGFR observed in the Western blots. Additional experiments at early time points, with additional antisera and possibly with sorted cells, will be required to determine conclusively the comparative levels of transgenic EGFR and endogenous Egfr in cells that express the transgene in the presence of doxycycline. The findings in Figure 1 , F and G, also indicate that similar amounts of EGFR were observed in C/DEL and C/L858R bitransgenic mice 4 d or 2-3 wk after induction, supporting the results obtained using quantitative RT-PCR (Fig. 1C) .
C/L858R and C/DEL mice develop lung tumors on doxycycline
To determine the pathological effects of expressing the two mutant forms of EGFR in the lung, we fed doxycycline to C/L858R and C/DEL bitransgenic mice from the time of weaning. Twenty C/L858R bitransgenic mice from Lines 56 and 57 were followed for development of lung tumors (Supplementary Table 1 ). Histological changes in the lungs of these mice were observed as early as 2 wk after induction with doxycycline ( Fig. 2A) and consist mainly of diffuse thickening of the alveolar walls due to proliferation of atypical pneumocytes ( Fig. 2A-C) . This lepidic type of cell growth resembles bronchioloalveolar carcinoma (BAC), a subtype of human lung adenocarcinoma characterized by a growth pattern that does not disrupt normal tissue architecture and by a lack of stromal, vascular, or pleural invasion (Travis et al. 1999) . Infiltration of the lungs of these mice with macrophages was commonly observed, as has been seen in other models (Ji et al. 2006a) , with macrophages generally occupying alveolar spaces in areas of BAC. After receiving doxycycline for >4 wk, mice developed multifocal invasive adenocarcinomas of varying sizes, embedded in the abnormal lung parenchyma (Fig. 2D) , sometimes accompanied by progressive thickening of the alveolar walls with compression of air spaces (Fig. 2B) . The invasive adenocarcinoma cells contain moderately pleomorphic nuclei with prominent nucleoli and exhibit a papillary growth pattern without lepidic spread. As controls, nine C/ L858R bitransgenic animals (two from Line 57, seven from Line 56) were maintained without doxycycline and sacrificed between 3 wk and 6 mo of age; all exhibited normal lung morphology (data not shown). In addition, monotransgenic L858R mice did not develop tumors, even when fed doxycycline for long periods of time (Fig. 2H) .
Nine of 10 C/DEL mice from lines DEL9 and DEL11 fed doxycycline also developed pathological changes in the lungs (Supplementary Table 2 ). Lungs from two mice were examined within 1-2 wk on doxycycline: One showed early proliferative lesions resembling atypical adenomatous hyperplasia (AAH) at the lung periphery, and the other showed tumor cells diffusely throughout the lung field, resembling BAC as seen in mice with the L858R transgene. Five out of eight animals examined after longer treatment with doxycycline (>28 d) showed multifocal tumors arising from the bronchioloalveolar duct junctions (BADJs), surrounded by normal lung parenchyma without areas of BAC (Fig. 2E,G) ; two animals showed AAH and one animal did not show abnormalities in the lungs (this animal received doxycycline for only 6 wk) (see Supplementary Table 2 ). The lesions arising from the BADJs consist of fronds of tumor cells radiating into the adjacent lung tissue. In the more advanced lesions, the tumor cells form a compact mass with a papillary growth pattern. In addition to the focal tumors associated with central BADJs, BAC was found (Fig. 2F ), mainly at the periphery of the lungs. Three C/DEL11 bitransgenic mice were maintained on a normal diet, and lungs from these animals appeared histologically normal at 4.5 mo of age (data not shown).
In summary, both EGFR L858R and EGFR
⌬L747-S752
cause the formation of lung adenocarcinomas with BAC features in transgenic mice. Despite similar levels of transgene induction, lung tumors from EGFR
L858R
-expressing mice develop faster and exhibit a preponderance of BAC and a more aggressive nature, compared with lung tumors in EGFR ⌬L747-S752 -expressing mice. These differences are unlikely to be due to transgene position effects, since two transgenic lines for each EGFR mutant were studied.
Lung tumors in bitransgenic mice are composed of EGFR-and SP-C-positive cells
We stained lung tumor tissue from C/L858R and C/DEL bitransgenic mice with antibodies to total EGFR or EGFR L858R (Fig. 3) . Both EGFR
L858R
-and EGFR
⌬L747-S752
induced tumors stained strongly with the EGFR antibody (Fig. 3) . As expected, tumors induced by EGFR L858R , but not those induced by EGFR
, stained with the L858R-specific antibody. Tumors induced by both EGFR L858R and EGFR ⌬L747-S752 were positive for SP-C and negative for the Clara cell protein CC26, consistent with a type II-like phenotype of the tumor cells (Fig. 3) .
Magnetic resonance imaging (MRI) of murine lung tumors
We tested whether MRI of mouse lungs, previously used in our laboratory to follow Kras
G12D
-dependent lung tumors (Fisher et al. 2001) , could also be used to detect and monitor tumors in animals carrying regulated EGFR transgenes (Fig. 4) . Within 4 wk of exposure to doxycycline, when C/L858R mice have developed diffuse tumors, consolidations suggestive of a reticulonodular growth pattern were visible in scans of one or both lungs of these mice (Fig. 4A) . With longer exposure to doxycycline, we observed increasingly dense reticulonodular patterns and consolidations filling the whole lung or a lung lobe (Fig. 4A ), indicating that tumor progression can be followed in individual mice using MRI. To confirm that the consolidations observed in MR images indicate the presence of histologically visible lung tumors, we sacrificed additional mice within 2 d after the MRI and processed lung tissue for histology (Fig. 4B,C) : The pattern suggestive of a reticulonodular infiltrate observed on the scans reflects diffuse BAC, and dense white masses in the MR scans correspond to solid invasive adenocarcinomas (Fig. 4B,C) . In summary, MRI can be used to detect tumors, and the patterns observed by MRI correlate with tumor histopathology.
Mutant EGFR is required for tumor maintenance
In most cases, human lung cancers with somatic mutations in EGFR regress by radiological criteria after treatment with the TKIs gefitinib and erlotinib, implying that the kinase activity of the mutant receptor is required to maintain viability of the tumor cells. We tested whether the mutant EGFR-induced lung tumors in the models described here also depend on mutant EGFR for cell viability and proliferation, using two strategies: (1) withdrawing doxycycline from mice to down-regulate transgene expression or (2) treating the mice with erlotinib to inhibit the kinase activity of mutant EGFR.
Doxycycline withdrawal leads to tumor regression
To examine the dependence of mutant EGFR-induced lung tumors on continued expression of the mutant EGFR transgenes, we identified six C/L858R and two C/DEL mice with significant consolidations evident by MRI after 43-180 d on doxycycline (Supplementary Table 3 ). After removal of doxycycline from the diet, mice were imaged and sacrificed between 2 d and 6 mo after deinduction to look for residual neoplastic disease. After a 2-to 4-d deinduction, a rapid change in the MR image was observed, with the disappearance (complete response) or shrinkage (partial response) of most of the consolidations in the lungs (Supplementary Table 3 ). However, tumors were still visible histologically when mice were sacrificed at this stage (data not shown). In contrast, lung tissue from all four mice sacrificed more than a month after removal of doxycycline was mostly normal histologically (Fig. 5) , suggesting that elimination of lung cancer cells occurs progressively over time. In two mice, focal areas of scarring were also observed (e.g., see Fig.  5C ). In one C/L858R56 mouse a single adenocarcinoma nodule was still embedded in normal lung epithelium 53 d after doxycycline was withdrawn (Fig. 5B ). Whether this tumor nodule was present originally and never regressed or whether it re-emerged in the absence of doxycycline cannot presently be determined.
Tumor regression after treatment with erlotinib To ask whether TKIs can also produce tumor regression in our mouse models, we treated 14 EGFR L858R -and two EGFR
⌬L747-S752
-induced tumors with erlotinib for varying amounts of time, at doses ranging from 5 to 50 mg/ kg/d, while the mice were still being fed doxycycline ( Fig. 6; Table 1 ). All of the animals that received erlotinib at doses Ն12.5 mg/kg/d showed partial to complete responses by MRI as early as 2 d after erlotinib treatment (Table 1 ). The amount of tumor regression as assayed histologically correlated with the length of treatment ( Table 1 ). After animals were on drug for 2-4 d, tumor cells were still observed throughout the lung sections. Very few tumor cells were detected in lung tissue from animals treated with erlotinib for Ն2 wk (Fig. 6A , bottom panel). Emphysematous changes and scarring were observed in the lungs of treated mice, presumably in areas where adenocarcinomas were eliminated or were being eliminated. Tumors in two mice that were heterozygous for p53, generated in the context of ongoing experiments to determine the effect of tumor suppressor gene deficiencies on mutant EGFR-dependent tumorigenesis, also regressed upon erlotinib treatment ( Fig. 6B ; Table 1 ). An animal treated for 2 d at the lowest dose of drug (5 mg/kg/d) did not show any detectable response by MRI (Table 1) . Three placebo-treated mice did not show a response by MRI or histologically (Table 1) .
Prolonged erlotinib treatment caused slight weight loss and loss of some hair, but the mice were active and appeared to be eating normally. To exclude the possibility that tumor regression in erlotinib-treated mice resulted from ingestion of insufficient doxycycline-containing food to maintain transgene expression, we measured transgene expression by quantitative RT-PCR in lungs after long-term treatment and found no reduction in transgenic RNA (data not shown).
Collectively, these data demonstrate that EGFR L858R -and EGFR
-induced lung tumors are both sensitive to the TKI erlotinib. These results suggest that inhibition of the kinase activity of the mutant receptor is sufficient to elicit responses similar to those observed upon deinduction of the EGFR oncogene in mice and after TKI treatment of most human lung tumors with EGFR mutations. In addition, both histological subtypes, BAC and solid invasive adenocarcinomas, respond to treatment of mice with erlotinib.
In human lung tumors, mutations in KRAS are associated with primary resistance to tyrosine kinase inhibitors (Pao et al. 2005a) . To verify this result in murine lung tumors carrying oncogenic mutations in Kras, we treated four bitransgenic C/Kras G12D mice and one C/Kras G12D /p53 +/− mouse (Fisher et al. 2001 ) that had been on doxycycline for 5-6.5 mo with erlotinib (25 mg/ kg/d). In comparison to tumors initiated by oncogenic EGFR, Kras G12D -induced tumors were not eliminated by erlotinib treatment as assessed by MRI (Fig. 6B, cf . the right panel and the left and middle panels) or histologically (Fig. 6C , cf. the lungs from C/L858R mice and those from C/Kras G12D ). Others (Fujimoto et al. 2005) have shown that gefitinib leads to a decrease in the number (but not the disappearance) of lung surface nodules in murine lung adenocarcinomas with Kras mutations. Future experiments in which the pretreatment and posttreatment tumor burdens are carefully measured will help determine whether erlotinib has even a partial effect on oncogenic Kras-induced tumors in our mice.
Downstream targets of EGFR are phosphorylated in both EGFR and Kras
G12D -induced lung tumors
To begin to examine the consequences of mutant EGFR expression on signaling pathways implicated in signaling downstream of the mutant EGFR receptors (Sordella et 
G12D
-induced lung tumors are compared, we immunostained lung sections from C/L858R, C/DEL, and C/Kras G12D mice with antibodies for phosphorylated EGFR (pEGFR), phosphorylated Erk (pErk), phosphorylated Akt (pAkt), and phosphorylated Stat3 (pStat3) (Fig. 7) . All of the lung tumors were positive for pErk, pAkt, and pStat3, but strong pEGFR staining was detected only in mutant EGFR-induced tumors and was either absent or weak in tumors caused by mutant Kras (Fig. 7A) . These results suggest that the MAPK, PI3K, and STAT3 pathways are all stimulated by mutant EGFR and oncogenic Kras during the tumorigenic process, although we have not determined which pathways are essential for oncogenesis.
We have also begun to compare the effects of tyrosine kinase inhibitor treatment and doxycycline withdrawal on the activity of these signaling pathways. Diminished phospho-Erk and phospho-Akt staining was observed in tumor samples from C/L858R56 (Fig. 7B) and C/L858R57 transgenic mice as early as 2 d after deinduction with doxycycline or after starting erlotinib, indicating that activation of these signaling pathways is directly related to activity of mutant EGFR.
Apoptosis and arrest of proliferation during tumor regression
Tumor regression upon oncogene deinduction in other tetracycline-inducible transgenic models is due to apoptosis, differentiation, and/or proliferation arrest (Felsher 2004 ). In a preliminary effort to investigate the mechanism by which tumors regress during treatment with erlotinib, we stained tissue sections from drugtreated and untreated C/L858R mice with antibodies to phosphorylated histone H3 (to identify mitotic cells) and activated caspase 3 (to identify apoptotic cells). At least 400 cells were scored for each section analyzed. We consistently observed a drop in the number of mitoses upon drug treatment that was accompanied, in most cases, by an increase in the numbers of apoptotic cells (Fig. 8) . These data suggest that cell division decreases acutely upon drug treatment and that cell death also increases.
The apoptotic process appears to show more variability than mitotic arrest. Time-course studies may help to elucidate the sequence of events that occurs upon drug treatment.
Discussion
In this study, we describe the development of two new mouse models of lung adenocarcinoma. We generated tetracycline-inducible transgenic mice bearing EGFR mutants often found in human lung tumors: the L858R allele and an exon 19 deletion mutant. We show that both of these mutants give rise to lung adenocarcinomas upon induction with doxycycline. Importantly, deinduction of the transgene by doxycycline withdrawal or administration of the TKI erlotinib leads to tumor regression, demonstrating that continued function of the mutant receptor is required for tumor maintenance. Similar results have been obtained by another group that has also generated tetracycline-inducible transgenic mice encoding EGFR mutants (Ji et al. 2006b ).
Lung tumor pathology
When expressed in type II pneumocytes (or possibly their precursors), EGFR L858R and EGFR ⌬L747-S752 both give rise to lung adenocarcinomas that show many common and some distinct features. C/L858R mice rapidly develop diffuse BAC, first seen at the lung periphery; at later stages, invasive adenocarcinoma nodules appear, embedded in BAC. In C/DEL mice, adenocarcinomas form more slowly, at or near BADJs, and BAC is found at the lung periphery.
Pure BAC is a rare subtype of lung adenocarcinoma that is characterized by a lepidic growth pattern of tumor cells along alveolar walls, the absence of invasion, and a better prognosis than other types of lung cancer (Barkley and Green 1996) . In most cases, BAC is found in association with an invasive adenocarcinoma component (Ebright et al. 2002) .
Adenocarcinomas with BAC features are more likely to respond to gefitinib and may have a higher frequency of EGFR mutations than adenocarcinomas alone Marchetti et al. 2005) . In view of these observations, the coexistence of BAC and invasive adenocarcinomas in our mouse models is especially provocative and can be hypothesized to arise in two ways. According to one hypothesis, two different cell types within the lung epithelium may be sensitive to and become transformed by mutant EGFR, giving rise to tumors with distinct histopathologies. For example, it is possible that in the presence of mutant EGFR, bronchioalveolar stem cells, described by Kim et al. at the BADJs , and type II pneumocytes in alveoli both give rise to tumors that, however, are phenotypically distinct. Alternatively, varying degrees of BAC and invasive adenocarcinoma may reflect sequential stages in the progression of lung cancer in which BAC represents an early stage in the tumorigenic process. Further studies with these mice may be useful to distinguish between these two possibilities.
The longer tumor latency and the histopathological differences observed in C/DEL mice compared with C/L858R mice, despite similar patterns of transgene expression, may be due to different biochemical properties of the two mutant receptor kinases. Indeed, autophosphorylation of the deletion mutant is lower in transient transfection assays Amann et al. 2005) . Patients with lung tumors harboring the different EGFR mutations also appear to have a different prognosis. Tumors with exon 19 deletion mutations have a higher response rate to TKIs, and the treated patients live longer on average than those with the L858R mutation (Mitsudomi et al. 2005; Riely et al. 2006) . However, in surgically resected patients never treated with a TKI, those with an L858R mutation have a longer overall survival than those with an exon 19 deletion (Shigematsu et al. 
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The diffuse nature of the BAC observed in lungs from C/L858R mice contrasts very sharply with the focal nature of lung adenocarcinomas induced by oncogenic Kras (Fig. 6C, cf. images of doxycycline-induced animals) using the same methodology (Fisher et al. 2001) , while EGFR
⌬L747-S752
-induced tumors have an intermediate phenotype. Fisher et al. suggested that although oncogenic Kras is probably expressed in the majority of type II pneumocytes, only a small proportion of the cells respond and are sensitive to oncogene expression. If this is the case, it appears from our results that many more cells are sensitive to expression of mutant EGFR than oncogenic Kras. This result could in part be due to the type of stimulus provided by the different oncogenes: Mutant EGFR mimics a growth factor stimulus that drives cell proliferation and survival by engaging many signaling pathways, while mutant Kras can, in some settings, cause cell senescence (Collado et al. 2005) or apoptosis (Cox and Der 2003) . Comparison of the proliferative, apoptotic, and senescent responses of type II pneumocytes or their precursors shortly after induction of oncogenic EGFR or Kras with doxycycline might help explain the histopathological differences we observe.
Mutant EGFR is required for tumor maintenance
Studies using tetracycline-inducible transgenic models of cancer have demonstrated that deinduction of the initiating oncogene is sufficient to achieve sustained regression in a wide variety of tumor types (Felsher 2004; Varmus et al. 2006) . In this study, we show that oncogenic EGFR is required for tumor maintenance with two different strategies: (1) when expression of the oncogene is switched off (by withdrawing doxycycline) or (2) the activity of the oncogene is inhibited (by drug treatment). It is especially significant that lung tumors induced in mice by mutant EGFR regress dramatically and promptly upon treatment with the FDA-approved drug erlotinib. Most patients upon treatment with mutation-positive lung tumors also respond to this drug, albeit without the nearly complete responses observed in our mice.
Are high levels of mutant EGFR required to elicit an oncogenic effect?
The relative contribution of qualitative (mutational) and quantitative (gene expression) changes to the process of oncogene activation remains an important and unresolved issue in many human and experimental cancers. Results with some genetically engineered mice indicate that, when a mutant oncogene is expressed from its endogenous locus, amplification of the mutant allele or loss of the wild-type allele can or must occur during tumor development (Andrechek et al. 2000; Johnson et al. 2001) . Similarly, in human lung tumors, EGFR mutations are often accompanied by polysomy or gene amplification, suggesting that enhanced expression of the mutant gene may facilitate oncogenesis (Cappuzzo et al. 2005 ; V.A. Miller, pers. comm.). We have attempted to explore this issue in the transgenic models reported here by comparing levels of RNA and protein produced from the mutant human EGFR transgenes and those from the endogenous mouse Egfr locus (see Fig. 1 and accompanying text). Our findings suggest that, while the induction ratios for the doxycycline-regulated transgenes are large (Fig. 1C-E) , the transgenic products are similar to or only modestly higher than endogenous Egfr RNA and protein shortly after induction. Such measurements are complicated, however, by the semiquantitative methods, by uncertainty about the percentage of cells expressing the transgenes, and by the specificity and sensitivity of reagents for measuring human and mouse gene products. Furthermore, cells expressing higher levels of transgenic products may have a growth advantage during tumor progression, accounting for the apparently abundant EGFR protein in extracts from lungs with high tumor burden (Fig.  1D,E) . Better definition of the contributions of quantitative and qualitative effects to oncogenic potential will require additional experiments with improved assays for EGFR and its effects, studies of mice in which mutant alleles have replaced endogenous Egfr exons (K. Lane and T. Jacks, pers. comm.) and transgenic mice expressing wild-type EGFR.
We have begun to generate tetracycline-inducible transgenic mice that express wild-type EGFR in lung epithelial cells. In one such line, we have found only minor pathological changes in two of 10 mice observed for 4-8 mo; however, the transgenic EGFR is constitutively expressed in many tissues (and is not inducible) in this line, presumably due to a transgene position effect. We are currently characterizing additional mice that carry the wild-type EGFR transgene to identify lines with doxycycline-responsive expression of EGFR. Such lines may be helpful for evaluating claims that amplification of wildtype EGFR in human lung cancer is associated with an increased overall survival as a result of tyrosine kinase inhibitor therapy (Cappuzzo et al. 2005; Tsao et al. 2005) .
What is the mechanism of action of oncogenic EGFR?
Although it is clear that these NSCLC-associated EGFR mutations are gain-of-function oncogenic mutations ) that confer a selective growth advantage to lung cells, their effects on the functional properties of the receptor still remain to be determined. Likewise, although a crystal structure of the wild-type human EGFR kinase domain bound to erlotinib has been reported (Stamos et al. 2002) , structures of the mutant EGFR kinases have not been described, with or without TKIs. Several studies in transfected cells and human lung cancer cell lines have shown that the mutant receptors lead to constitutive activation of the antiapoptotic AKT and STAT signaling pathways and mitogenic ERK signaling Tracy et al. 2004; Greulich et al. 2005; Jiang et al. 2005) . Our lung tumor models permit the study of signaling downstream of mutant EGFRs in primary lung tumors. Thus far, we have been able to confirm activation of several signaling pathways in mutant EGFR-induced tumors (Fig. 7) , consistent with the high mitotic and low apoptotic rates observed in the tumors (Fig. 8) . The signaling requirements for oncogenic effects and the contribution of EGFR heterodimerization partners (Engelman et al. 2005) to the tumorigenic process can be assessed in these in vivo models. Moreover, easy access to tissues and blood from treated mice will allow us to identify molecular indicators of treatment response.
Mechanisms of resistance
We observed solitary residual tumor nodules in two mice in this study-one in which doxycycline was withdrawn and another in which the mouse was treated with erlotinib. We cannot say whether these represent lung tumors that failed to respond to EGFR down-regulation or kinase inhibitors (primary resistance) or whether most of the tumor cells initially disappeared, with a few residual cells acquiring changes that allowed them to escape a requirement for mutant EGFR (secondary resistance or relapse). This distinction between primary and secondary resistance is important because the molecular mechanisms may be different and relevant to treatment of patients with lung cancer.
Primary resistance We know from human studies that primary resistance to TKIs in human lung tumors is associated with the presence of KRAS mutations (Pao et al. 2005a ). However, KRAS mutations are rarely found in conjunction with EGFR mutations, and it still is unclear what contributes to primary resistance in tumors with EGFR mutations that do not respond to the drug. Our mouse models may help to determine why most tumors respond to treatment with erlotinib (or doxycycline withdrawal) and why other tumors are inherently resistant to the drug.
Secondary resistance Since human cancers that initially respond to TKI treatment often relapse during therapy, it is critical to identify the mechanisms of drug resistance. Fifty percent of human lung tumors with EGFR mutations, examined thus far, that have progressed during drug treatment have a secondary mutation in EGFR (T790M) that is predicted to prevent drug binding (Kobayashi et al. 2005; Pao et al. 2005b ). The mechanism of drug resistance in the remaining cases is unknown. Using the mouse models presented here, we can determine whether mice acquire resistance to erlotinib by treating them for extended periods of time. Moreover, the contribution of tumor suppressor deficiencies to TKI resistance, which is not yet well understood in humans, can easily be studied in mice. For example, in Wnt1-induced mammary tumorigenesis, p53 status affects the ability of tumors to recur after doxycycline withdrawal, and recurrence is independent of Wnt1 gene expression (Gunther et al. 2003) . In preliminary experiments, we have observed tumor regression upon deinduction of mutant EGFR in the absence of Ink4A/Arf, indicating that this tumor suppressor does not confer primary resistance to the tumor cells. Whether the absence of Ink4A/Arf promotes tumor recurrence in this context is under investigation. Although very few studies have examined the mechanism of tumor relapse in tetracycline-inducible transgenic mice, it is likely that the molecular events that govern the process are highly dependent on the initiating oncogene (Gunther et al. 2003; Boxer et al. 2004; Moody et al. 2005) . Our mouse models, in combination with mutations in tumor suppressor genes, may help uncover genetic events that contribute to the recurrence and progression of EGFR mutant tumors.
The recent clinical successes of the TKIs-imatinib for the treatment of chronic myelogenous leukemia and gastrointestinal stromal tumors, and gefitinib and erlotinib for lung adenocarcinoma-have helped to establish that targeted cancer therapy can be an effective method for controlling cancer. Genetically engineered mouse models like the lung cancer models presented here, in which an inhibitor of the product of a transgenic human oncogene is highly effective, are likely to be important research tools for optimizing targeted therapies in the future.
Materials and methods
Generation of transgenic mice
The Tet-op-mp1 vector (Fisher et al. 2001) , containing the tetracycline operator and the mouse protamine intron and polyadenylation sequence, was linearized with EcoRV, which cuts between the promoter and the poly(A) sequence. The wild-type or mutant EGFR cDNA ) was excised from pcDNA3.1 with PmeI and ligated into Tet-op-mp1 via the EcoRV site. Restriction digests and sequencing were used to identify clones in which the EGFR cDNA had inserted in the correct orientation. The specific mutations introduced into human EGFR to generate the mutants used in this study are as follows: a base substitution at position 2573 in the EGFR cDNA, which gives rise to an amino acid substitution of arginine for leucine at position 858 in the kinase domain of EGFR, and an in-frame deletion of nucleotides 2239-2256, which leads to the elimination of six amino acids, L747 to S752, in the kinase domain of EGFR. TetO-EGFR transgenic mice were genotyped using the following primers: EGFR3421F, 5Ј-ACT GTCCAGCCCACCTGTGT-3Ј; and mp-1R, 5Ј-GCCTGCGAC GGCGGCATCTGC-3Ј. Reactions were amplified with the following PCR protocol: denaturation for 5 min at 95°C, followed by 35 cycles of 30 sec at 95°C, 30 sec at 58°C, and 30 sec at 72°C, followed by a 5-min extension at 72°C. Additional details are supplied in the Supplemental Material.
Animal husbandry and genotyping
All animals were kept in specific pathogen-free housing with abundant food and water under guidelines approved by the MSKCC Institutional Animal Care and Use Committee and Research Animal Resource Center. CCSP-rtTA tetracycline-dependent activator mice (Tichelaar et al. 2000) and TetOKras G12D (Fisher et al. 2001 ) and p53-null (Jacks et al. 1994 ) mice have been previously described. Doxycycline was administered by feeding mice with doxycycline-impregnated food pellets (625 ppm; Harlan-Teklad). Erlotinib (provided by Genentech) was suspended in 0.5% (w/v) methylcellulose (as per a protocol from the drug supplier) and injected intraperitoneally (Pollack et al. 1999) at the dose and times indicated in the experiments. Tail DNA was isolated using Qiaprep Tail DNeasy isolation kit (Qiagen) according to the manufacturer's protocol. Detection of the rtTA activator transgene, the Kras G12D transgene, and p53 genes was performed as described previously (Jacks et al. 1994; Fisher et al. 2001) .
Histology and immunohistochemistry
Animals were sacrificed with a lethal dose of CO 2 per institutional guidelines. The lungs were excised; the left lung was flash-frozen in liquid nitrogen for molecular analyses, and the right lung was inflated with 4% paraformaldehyde in PBS. Lungs were fixed in 4% paraformaldehyde overnight at room temperature, placed in 70% ethanol, and sent for paraffin embedding and sectioning (Histoserv). All lungs were sectioned in the same fashion; 10 steps were taken, 100 µm apart. All 10 steps were evaluated to determine whether tumors were present. Slides were reviewed by a board-certified pathologist (M.F.Z.). The antibodies used for immunohistochemistry are listed in the Supplemental Material.
RT-PCR analysis
Tissue samples were crushed and RNA was extracted using Trizol (Invitrogen) reagent. RNA was treated with DNase I (Invitrogen) to eliminate any contaminating DNA. RT-PCR reactions were carried out using the SuperScript III One-Step RT-PCR with Platinum Taq system (Invitrogen). For quantitative RT-PCR, reactions were performed using the ABI7900 Sequence Detection System (Applied Biosystems). Primer sequences and amplification conditions are described in the Supplemental Material.
Antibodies and immunoblotting
The EGFR L858R antibody was generated by immunizing a rabbit against a 14-residue peptide [(C)TDFGRAKLLGAEE] containing the substituted amino acid (arginine instead of leucine) at position 858 in the region 854-866 (Zymed). Immunoblotting was carried out as described in the Supplemental Material.
MRI
Mice were anesthetized with 2% isofluorane oxygen gas. Respiratory-gated lung MR images were acquired on a Bruker 4.7T Biospec scanner (Bruker Biospin Inc.) using a custom-made 36-mm quadrature birdcage coil in the Small Animal Imaging MR Core Facility at MSKCC (further details are provided in the Supplemental Material). Human criteria always use measurable lesions to define response; the diffuse and reticular nature of the consolidations observed in images derived from most of the mice we studied make this difficult. Therefore, we established our own definition of response to treatment. Tumor-bearing mice were considered to have had a complete response if a scan was scored as negative for lung opacities after doxycycline withdrawal or drug treatment. A partial response call was made when lung opacities were decreased but still clearly present. We considered an animal to have progressive disease if the posttreatment MRI showed an increase in lung opacities compared with the pretreatment scan.
